Prostate-specific membrane antigen (PSMA) is a transmembrane protein expressed in prostate cancer as well as in the neo-vasculature of nonprostatic solid tumors. Here, we determined the expression pattern of PSMA in the vasculature of oral squamous cell carcinoma. Using a previously validated antibody, PSMA staining distribution and cyclooxygenase 2 (COX2) expression status was evaluated in a cohort of patients with squamous cell carcinoma of the oral cavity (n ¼ 96) using immunohistochemistry and was correlated with clinicopathological features as well as outcome. Twenty-four (25%) cases showed no detectable PSMA staining, 48 (50%) demonstrated positive immunoreactivity for PSMA in less than 50% of microvessels and 24 (25%) cases showed strong endothelial PSMA expression in more than 50% of tumor-associated microvessels. High endothelial PSMA expression was associated with greatly reduced survival (18.2 vs 77.3 months; P ¼ 0.0001) and maintained prognostic significance after adjusting for grade and stage in multivariate analysis (hazard ratio ¼ 2.19, P ¼ 0.007). Furthermore, we observed a strong association between endothelial PSMA and cancer cell-specific COX2 expression. In conclusion, we provide the first evidence for the prognostic significance of endothelial PSMA expression in oral squamous cell carcinoma and, suggest a potential interaction between arachidonic acid metabolites and endothelial PSMA expression in the tumor neo-vasculature.
The formation of new blood vessels in the tumor microenvironment represents a crucial step in the progression of many solid tumors.
1,2 Several therapeutic approaches have therefore focused on inhibiting neo-angiogenesis and have shown sustainable clinical responses. 2 Such anti-angiogenic therapies can either interfere with signal transduction pathways or signaling molecules that regulate vessel formation and vessel growth or directly target tumor-associated endothelial cells. 3 It is of particular interest that several markers have been characterized that show a specific expression in tumor-associated endothelial cells, but not in normal endothelial cells. 2, 4, 5 One such molecule, that shows high expression in the tumor-associated neovasculature is prostate-specific membrane antigen (PSMA, also known as folate hydrolase 1, FOLH1). PSMA is a metallo-protease that was originally cloned from human prostate carcinoma cells and has been shown to be overexpressed in the vast majority of prostate cancers. 6, 7 Subsequently several studies suggested that PSMA expression is not restricted to prostate epithelial cells but can also be found in tumor-associated endothelial cells in many different solid malignancies. [8] [9] [10] [11] [12] The functional role of endothelial PSMA is not known and, as recent studies demonstrated, endothelial PSMA expression can vary significantly within and between different tumor types. [12] [13] [14] Cyclooxygenase 2 (COX2) is a key enzyme in the arachidonic acid metabolism involved in the biosynthesis of prostagladins, which contribute to a pro-angiogenic microenvironment in tumors. 15 Expression of COX2 is upregulated in squamous cell carcinoma and treatment with COX2 selective inhibitors results in reduced tumor growth. 16, 17 Furthermore, a large body of evidence demonstrates that inhibition of COX2 enzymatic reaction results in substantial changes in the tumor-associated neo-vasculature, suggesting that COX2 could have a key role in regulating tumor-associated neoangiogenesis. [18] [19] [20] To further elucidate the role of PSMA in oral squamous cell carcinoma, we evaluated the expression pattern of PSMA in a series of oral squamous cell carcinoma by immunohistochemistry and correlated PSMA levels with clinicopathological features as well as clinical outcome data. We show that PSMA is detectable in a subset of lesions and that endothelial PSMA expression correlates with expression of COX2 in cancer cells. Furthermore, we provide first evidence that high endothelial PSMA expression is associated with worse prognosis.
Materials and methods

Patients
In this retrospective study, 96 patients who underwent surgery at the Department of Maxillofacial Surgery, Innsbruck Medical University, between 1980 and 1997 and for whom tissue specimens and clinical follow-up data were available were included. Paraffin-embedded tissues from the initial surgical specimens were retrieved and tissue micro arrays (TMAs) containing representative oral squamous cell carcinomas lesions from each patient were constructed as described previously. 21 Patients were followed-up from the date of surgery with a mean follow-up period of 48 months (range, 1-245 months). Clinical and pathological characteristics of the study population are summarized in Table 1 .
Immunohistochemistry
Four to six micron thick sections were mounted on glass slides, deparaffinized by Histo-Clear (National Diagnostics, Atlanta, GA, USA) and rehydrated. Immunostaining of PSMA and CD31 was performed as described previously. 12 Briefly, slides were either pressure cooked for 1 min in 10 mM citrate buffer pH 6.0 for CD31 staining or incubated in Target Retrieval Solution pH 9.0 (cat no. S2368; Dako, Carpinteria, CA, USA) at 95 1C for 30 min for PSMA staining. Endogenous peroxidase was blocked with Peroxidase Block (cat no. K4006; Dako) for 5 min. Sections of the same TMA block were then incubated with either anti-CD31 (clone 1A10; Novocastra -Vision BioSystems, Norwell, MA, USA) or anti-PSMA antibody (clone 3E6; Dako) diluted 1:25 and 1:20, respectively, in Antibody Diluent (cat no. S0809; Dako) for 60 min. Immunohistochemical detection of COX2 was performed using a murine monoclonal COX2-specific antibody (Cayman, USA) as described previously. 22 Briefly, deparaffinized tissue sections were incubated for 15 min at 90 1C and the primary antibody was applied at 1:100 dilution for 2 h at room temperature. Slides were then further treated with anti-mouse labeled polymer HRP for 60 min followed by 8 min in diaminobenzidine solution (Envision System HRP, cat no. K4006; Dako). Finally, all slides were counterstained with Harries-modified Hematoxylin (Fisher Scientific, Pittsburgh, PA, USA). 
Evaluation of Slides
To determine microvessel density (MVD), CD31-positive vascular structures were evaluated for each TMA spot per high power field and categorized in low MVD (less than 10 CD31-positive structures), intermediate MVD (11-25 CD31-positive structures) and high MVD (more than 26 CD31-positive structures). PSMA expression in the tumor vasculature was scored semiquantitatively. Lesions with a 0-staining score showed no detectable endothelial PSMA expression; lesions with a staining score of 1 showed detectable PSMA staining in 5-50% of microvessels; a staining score of 2 was given for lesions that showed positive PSMA staining in more than 50% of tumor-associated microvessels. For survival analysis lesions with a PSMA-staining score of 0 and 1 were grouped (low PSMA) and compared with lesions with a staining score 2 (high PSMA).
COX2 staining was evaluated by determining the percentage of cancer cells that showed positive staining. Lesions with more than 70% of cancer cells showing positive COX2 staining were classified as high COX2 expressing.
Statistical Methods
Categorical variables were compared using Fisher's exact test. Effect size was estimated using Cramér's V coefficient. Survival curves were generated using the Kaplan-Meier method and compared using the log-rank (Mantel-Cox) test. Hazard ratios (HR) with their corresponding 95% confidence intervals (CI) were estimated using Cox proportional hazards models. Multivariate adjusted for tumor grade, clinical stage and endothelial PSMA or tumor COX2-staining status. For categorical variables, an association was considered as nonrandom if twotailed Po0.01 and strong if Cramér's V40.30. HRs were interpreted using 95% CI. Data were analyzed using Stata/SE release 11.2 (StataCorp LP, College Station, TX, USA).
Results
To evaluate the expression pattern of PSMA in oral squamous cell carcinoma we used a previously validated antibody and stained a well-annotated cohort of oral squamous cell carcinoma samples. 12, 21, 23 All clinicopathological feature of the patient cohort are summarized in Table 1 . A total of 96 individual samples were investigated. Twenty four (25%) samples showed no detectable PSMA staining, 48 (50%) demonstrated positive immunoreactivity for PSMA in a subset of tumorassociated microvessels and 24 (25%) showed strong endothelial PSMA expression in the majority of vascular structures (Figure 1a) (Figures 1b and d) . Interestingly, PSMA expression was strongly associated with MVD (P ¼ 0.002, V ¼ 0.34). We also noted a significant difference in overall survival between patients with low vs high endothelial PSMA expression (77 vs 18 months; P ¼ 0.0001, Table 2 , Figure 3a) . After adjusting for grade and stage, high PSMA expression remained an independent marker for poor prognosis (HR ¼ 2.19, 95% CI 1.2-3.9, P ¼ 0.007, Table 3 ).
Furthermore, we assessed COX2 protein expression levels by immunohistochemistry. The majority of lesions showed detectable cytoplasmic COX2 staining in at least a subset of cancer cells (Figure 2 ). Twenty-seven cases (28%) exhibited strong staining in the majority (470%) of cells. High COX2 expression was associated with shorter overall survival (74 vs 32 months; P ¼ 0.007, Table 2 , Figure 3b ), which remained statistically significant in a multivariate analysis after adjusting for grade and stage (HR ¼ 1.81, 95% CI 1.1-3.0, P ¼ 0.02, Table 3 ). COX2 expression was not associated with MVD. Interestingly, however, we observed a strong association between COX2 and PSMA expression (P ¼ 0.003, V ¼ 0.33) and lesions with high endothelial PSMA levels tended to show strong COX2 staining in the cancer cells suggesting a possible link between COX2-derived prostaglandins and endothelial PSMA expression.
Discussion
Tumor growth crucially depends on neo-vascularization.
1,2 As a result, selectively targeting and inhibition of neo-angiogenesis may be an effective approach to treat solid tumors.
2,3 PSMA has been suggested as a potential candidate for direct tumorspecific vascular targeting. 2 Interestingly, neo-vascular PSMA expression levels appear to differ significantly between different tumor types. [9] [10] [11] [12] 24, 25 Here, we show that in oral squamous cell carcinoma high neo-vascular PSMA expression can only be detected in a subset of lesions. This finding is somewhat in contrast to previously published data from other solid malignancies in which the majority of tumors showed strong endothelial PSMA expression and suggests that differences in the tumor microenvironment may influence the differential expression of PSMA in the tumor-associated neovasculature. 8, 12, 26, 27 The function of PSMA in endothelial cell biology is not well established. Insights from in vitro and in vivo model systems suggest that PSMA could contribute to endothelial cell invasion through its peptidase function. 28 Indeed, it was shown that endothelial cells lacking PSMA show less efficient matrix invasion. This phenotype was suggested to reflect the function of PSMA in a regulatory loop involving b1 integrin and PAK1, which mediate neoangiogenesis through cell invasion. 28 Furthermore, through its role in folate metabolism PSMA could also have an important function in the regulation of folate homeostasis and Gordon et al 23 recently suggested that the PSMA-mediated folate uptake could be required to regenerate essential cofactors of endothelial nitric oxide synthase. PSMA expression in prostate cancer cells is regulated by the androgen receptor and potentially other oncogenic transcription factors. 29, 30 The transcriptional regulation of PSMA in endothelial cells, however, is not well characterized. Recent experimental evidence suggests that soluble factors, secreted by cancer cells could control endothelial PSMA expression. For instance, conditioned medium from cancer cell lines can increases PSMA expression in human umbilical vein endothelial cells in vitro.
31
This finding raises the question of the nature of factors involved in PSMA transcriptional regulation. In general, angiogenesis is a complex mechanism that involves a plethora of signaling molecules. 32, 33 Prostaglandins, which are generated through the conversion of arachidonic acid, a process that involves cyclooxygenases as a limiting step have been suggested to have a key role in tumor-associated neo-angiogenesis. 34 High levels of COX2-derived prostaglandin E(2) for instance have been described in highly vascularized tumors and selective inhibition of COX2 results in decreased tumor growth because of the changes in the neo-vasculature. [18] [19] [20] 34 Interestingly, we observed a strong association between epithelial COX2 expression and neo-vascular PSMA expression and lesions with high epithelial COX2 expression tended to have high endothelial PSMA expression. This finding suggests that COX2-derived arachidonic acid metabolites could be involved in the regulation of endothelial PSMA expression. Although strictly correlative at this point, the strong association between COX2 and PSMA certainly warrants further mechanistic evaluation.
Furthermore, we demonstrate for the first time that PSMA expression in the neo-vasculature of oral squamous cell carcinoma is a strong prognostic marker. Patients with high PSMA expression showed a dramatically decreased survival as compared to patients with low endothelial PSMA staining (Table 2, Figure 3 ) and the prognostic value of PSMA was maintained in a multivariate analysis after adjusting for grade and stage (Table 3) . It is worth noting that high expression of PSMA in the neovasculature has recently also been shown to have prognostic significance in osteosarcoma, suggesting that at least in a subset of solid tumors, endothelial PSMA expression could promote a more aggressive phenotype. 25 The robust immunohistochemical staining combined with the straight-forward scoring could allow the routine clinical evaluation of this marker and would eventually help to identify patients with highly aggressive disease. Future prospective studies in larger patient cohorts are therefore necessary to further evaluate the prognostic and also clinical significance of PSMA in squamous cell carcinoma of the oral cavity.
Two clinical trials have recently established the feasibility of vascular targeting using PSMA-specific antibodies 35, 36 and a number of PSMA-targeting molecules ranging from monoclonal antibodies to PSMA-binding ligands, RNA aptamers, targeted nanoparticles and viral PSMA-targeting systems are currently under pre-clinical or clinical investigation in different tumor types. [37] [38] [39] [40] [41] Given the strong association of PSMA expression with survival it remains to be shown if a PSMA-specific targeting approach would show a therapeutic benefit in a subset of patients with oral squamous cell carcinoma.
In conclusion, we provide first evidence for the neo-vascular expression of PSMA in squamous cell carcinoma of the oral cavity and show that PSMA is a strong prognostic marker in oral squamous cell carcinoma. Furthermore, we demonstrate an association between COX2 expression and endothelial PSMA levels, which could indicate a potential mechanistic interaction between prostaglandin signaling and neo-vascular PSMA expression. 
